Surfactant as a successful Enhanced Oil Recovery (EOR) agent has been widely used in many mature reservoirs. This research focuses on the description of surfactant solution at low permeability condition. A new three-dimensional, twophase, three-component surfactant simulator is presented. The simulator is based on the non-Darcy flow characteristics of surfactant flooding in the low permeability formations. The change of threshold pressure and influences of surfactant on convection, diffusion, adsorption, and retention, are all considered. A new equation for the calculation of surfactant adsorption is employed, which can significantly promote the matching degree between the mathematical model and field practice. The design of this new simulator is to help the decision-making in the reservoir engineering analysis of surfactant EOR projects, to face the challenge of the design of injection schemes, to assist the surfactant screening, to screen and assess laboratory and field data and their effect on the performance predictions, and to find the optimal methods of field development.
Introduction
The modeling and simulation of the surfactant flooding process have been studied for a few decades since the late 1960s. Currently, a few commercial simulators are available for polymer injection, like Eclipse (surfactant), CMG (Stars), VIP, Grand, etc. Over several decades of development, these simulators have been capable to handle the polymer injection in most conventional reservoirs. The injection of surfactant is, in a sense, to reduce the interfacial tension between oil and water phases. The injection is restricted by quite a few parameters. The design of this new simulator is to help the decision-making in the reservoir engineering analysis of surfactant EOR projects, to face the challenge of the design of injection schemes, to assist the surfactant screening, to screen and assess laboratory and field data and their effect on the performance predictions, and to find the optimal methods of field development.
Oil-production from Enhanced Oil Recovery projects continues to supply an increasing percentage of the world's oil. Taber, et al. [1] estimated that more and more of the worldwide oil production would come from EOR. That number has continued to increase and in the future it is expected that EOR will eventually produce the majority of the world's oil. In China, the use of polymer in Daqing has already obtained a great success. Surfactant functions work by adding certain concentrations of surfactants to injection water to reduce the interfacial tension (IFT) between displacing and displaced phases [2, 3] . Flow of the surfactant formulation through the reservoir allows the trapped oil droplets to deform and become mobile oil. These oil droplets then coalesce and form a new flowing oil bank. In the process of surfactant flooding, the surfactant adsorbs onto the oil-water interface and surface of rock which may also make a wetability change of rock [4] . The experiment shows that the oil drops are becoming easier to deform when the oil-water interfacial tension reduces, so the resistant force lowers when the oil drops flow through the pore throat. Increase of dispersion of crude oil in the water. With the decrease of IFT, the crude oil can disperse in the surfactant solution, meantime, the surface of oil drops are charged after adsorption, so the oil drops are not easy to stick onto the surface of rock particles.
Low permeability reservoirs account for a considerable reserve and play an important role in the stable output in Daqing. The pilot test in Daqing shows surfactantflood can be a good candidate of the enhanced oil recovery for the low permeability reservoirs. The indoor experiments show that the surfactant flooding can lower the threshold pressure and increase the oil recovery efficiency of low permeability oilfield [5, 6] . Several pilot tests of surfactant flooding were carried out in Daqing's low permeability oilfields, such as Yushulin and Chaoyanggou oilfields, the objectives of pilot tests are to reduce the injection pressure, to increase the injection rate, and to enhance the oil recovery [7] [8] [9] . The experimental screening of surfactant was finished, but the theoretical study on surfactant flooding in low permeability reservoirs is limited; the reservoir simulation software that includes the threshold pressure is not reported. Because of the existence of threshold pressure, current commercial simulators cannot exactly reflect the flow of surfactant solution in the low-perm formations. In order to overcome this obstacle, the investigation of a simulator for surfactant floods with threshold pressure was conducted.
Because the cost of surfactant is comparatively high, the amount of surfactant used is one of the biggest concerns and should be first determined for the field application to obtain the maximum economic benefit. Thus, it is very important to conduct reservoir numerical simulation study. On the basis of compositional model, a mathematical model of surfactant flooding was established, in which the changes of threshold pressure and relative permeability which are caused by surfactant flooding [3, 10] 
Continuity Equations
The flow equation of two-phase, three-component is used to describe the process of surfactant flooding [11] . The downward direction is positive direction of z-axis, then the mathematical model of each component is as follows: 
where subscript 1 denotes the oil component, subscript 2 stands for the water, and sub3 represents the surfactant. C , is zero too, and
Then the above model can be simplified, and the block-center difference can be used to solve equation. 3  3  3  3  3  3   3  3   3  3   3  3  3 3  3  3  3   3  3  3 
Numerical Solution of Mathematical Model

Differential Equations
where  is spatial difference operator,
, ,
is unit vector, . 
Model Solution
The method of implicit pressure, explicit saturation, and implicit concentration is used to solve equation, the steps are as follows:
Difference Equations (7), (8), (4) and (5) are used to implicitly calculate pressure;
The values of pressure are substituted into difference Equation (8) 
Adsorption Treatment
The isothermal equation of Langmuir adsorption is used to describe the adsorption process. The effects of salinity, concentration of surfactant and rock permeability on adsorption are considered. The isothermal equation is (Liao et al., 1999) :
The concentration in isothermal equation of Langmuir adsorption is the average concentration of surfactant in different phases of liquids in pores. This will cause major error in calculation. Because the saturations of oleic, and aqueous phases are always changing in the process of surfactant flooding, the concentration of surfactant in each phase is different and changes with the time. Therefore, in this study, the adsorption from oil phase and adsorption from water phase are calculated separately. A function
B s is used to adjust the adsorption calculation due to the partial contact between solid particles and phase i. The calculation equation of surfactant adsorption in oleic phase and aqueous phase are:
   
Relative Permeability Curve
The mechanism of surfactant flooding is to reduce interfacial tension (IFT) between oil phase and water phase. Macroscopically, this mechanism reflects that relative permeability curve of oleic phase is moved up. Therefore, correct representation of relationship between the oleic and aqueous phases' relative permeability and surfactant concentrations is very important for accurate simulation of surfactant flooding. In the process of simulator development, two methods to determine the relative permeability of oil and water phases at different surfactant concentrations are provided. The first is obtained through the interpolation of relative permeability curves which are measured at the various surfactant concentrations. The second method is the theoretical calculation equation. The interpolation method is based on the experimental data, and can represent the real situation more accurately. Therefore, this method is recommended. However the interpolation method also needs large amount of experimental data. When the enough experimental data are not available, the theoretical formula can be used. The following is the introduction of interpolation method. Inputting N different relative permeability curves determined at different surfactant concentrations into the simulator, assuming that the surfactant concentration corresponding to i th relative permeability curve is . The curve is treated with saturation normalization:
When the surfactant concentration in some place of oil reservoir is
The value of oNx s is used to consult the i th and   1 i t  h relative permeability curves to obtain the relative permeability of oleic phase, roxi K and 1 roxi K  , the oil phase relative permeability corresponding to concentration and saturation
The interpolation method of relative permeability of water phase is the same as the oil phase.
Integrated Study inChao-522
The pilot is located in the Chao 82-152 well block. There are 4 injecting and 10 production wells in the pilot area. The average permeability is .The geological reserve is . The comprehensive water cut is 82.9% at the end of history match. The average daily oil production rate per well is 3 2 18.5 10 μm .The designed injection rate was still not reached even the bottom hole flowing pressure of water injection wells was up to 23.4 MPa which was close to the fracturing pressure (Tables 1 and  2) . The shortage of injection made serious problems on the pressure maintenance and stable oil output. Thus, this block was selected as the pilot test of surfactant flooding, aiming to reduce the injection pressure and to increase injection.
Core Flooding Tests
In order to fully understand the non-Darcy flow behaviors of surfactant solution in low permeability reservoirs, the core flooding tests of surfactant injection on natural solution of nonionic alkanol acid amide surfactant and auxiliary agent, which aimed to reduce the interfacial tension between crude oil and water of Chaoyanggou oilfield to reach ultra-low interfacial tension (IFT). The experimental results are shown in Table 1 . As shown in Table 3 , after injecting the displacing liquid of surfactant, the pressure of chase water injectionwas reduced by 40% compared with that of fresh water injection before the surfactant slug. Thus the injection pressure can be significantly dropped by the participation of surfactant, compared with secondary water injection. The results also showed the recovery efficiency was enhanced by 5.12%. In order to further estimate the effects of surfactant concentration on the threshold pressure gradient, the relationship between surfactant concentration, water saturation and threshold pressure gradient were measured, shown in Figure 1 . From Figure 1 , we can find that, with the increase of surfactant concentration and water saturation, the threshold pressure gradient reduces gradually, but the decrease extent becomes smaller.
A simulator was developed cal model, and then it is applied to pilot test of surfactant flooding in Chao 522 Block of Chaoyanggou low permeability oilfield. Before numerical simulation of surfactant injection, the history match of water flooding was first conducted. The calculated water saturation and pressure field are initial values for the surfactant flooding research, the predicted ultimate recovery efficiency of conventional water flooding is 32.34% of OOIP.
The pilot test is located in the Chao 82-152 wel ere are four injecting wells and 10 production wells, the average permeability is 3 2 18. 5 98.3m d , the e flowing pressure of water inj lls is 23.4 MPa, which is close to the fracturing pressure, but the allocated injection rate cannot be achieved (Figure 2) , therefore, this block was selected as the pilot test of surfactant flooding, aiming to reduce the injection pressure and to increase injection bottom hol ction we
Determination of Surfactant Concentration e
The calculation results of development indexes and economic indexes of surfactant injection schemes are shown in Table 4 . With the increase of surfactant concentration, the bottom hole flowing pressure of injection wells decreases, the water injection rate increases, the recovery efficiency increases, but the extent of increase becomes As the s Scheme 2, the slug volumes of Plans 5 -8 ar 0.10 PV, 0.20 PV and 0.30 PV, respectively, the calcula-tion results of development indexes and economic indexes are summarized in Table 5 . As shown in Table 5 , with the increase of slug volume, recovery efficiency also increases, but the increase becomes smaller, and the cost goes up. Through the economic evaluation, the reasonable slug volume is 0.10 PV of Scheme 6, the net benefit is the largest.
Injection Process
Schemes 8 and 9 are based on the Scheme 6, the injection ectively, the calculation results of the field scale simulation, the rmed. According to the optimized slugs are 2, 3 and 4, resp are shown in Table 6 . The results show that the effect of multiple slugs is better than that of one slug injection, this is because the multi-slug injection mode can prolong the displacement time of surfactant, reducing the inefficient flow of surfactant in the reservoir. Comparing multi-slug injection mode with the one slug injection mode, the former has higher recovery efficiency, this is because the multi-slug injection mode can prolong the displacement time of surfactant, reducing the ineffective flow of surfactant in the reservoir. But the multiple slug injection mode has complicated operation process, which increases the operation cost, considering that there is no obvious difference in economic benefit between Scheme 9 and Scheme 10, in order to have an easier field operation, the Scheme 9 is chosen.
Pilot Testing
Based on the results pilot test was perfo surfactant injection process, the most favorable surfactant 
Results Comparison between Simulation and Pilot
The injection of surfactant solution lowered the threshold pressure and increased surfactant flooding starte ct of surfactant fl onth of surfactant injection, the a wing pressure of the allocated injection rate was met, the extent of inse of w pressure-reducing and increase of injection rate was significantly obvious. For June of 2006 to June of 2007, the predicted value of average bottom hole flowing pressure was 22.3 MPa, the actual value is 22.7 MPa, the relative error was 2.3%; the predicted average daily water injection rate was 122.5 m 3 /d, the actual value was 128.9 m 3 /d, the relative error was 5.2%. The comparison of water injection profile before and after surfactant for well Chao 82 -152 showed that the water absorbing thickness was increased 2 m, the daily water injection increased from 14 m 3 to 22 m 3 , which was increased by 57.1%. Especially, the water intake of FІ 72 layers increased from 0 m 3 to 2 m 3 ( Figure 3 ). The displacement efficiency was improved, especially in low permeability zones. In the condition of 300 m well pattern, the displacement pressure difference was 0.073 MPa/m, the zones, which had higher threshold pressure than 0.073 MPa/m, could not be displaced in the condition of conventional water flood. On average, the 18 zones were drilled through by wells, 11 zones could be displaced by conventional water flood, accounting for 60%. The simulation predicted results showed that 14 
